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SUMMARY 

This report partially fulfills the reporting requirements 
of Contract No. NAS 8-20084, and represents the second quarterly 
progress report on the "Correlation of Mechanical and Thermal 
Properties of Extraterrestrial Materials." 
formed from 28 September 1965 to 28 December 1965. 

It covers work per- 

In the Phase I section, two-layer models of the lunar sur- 
face are analyzed in terms of the thermal inertia constant and 
thickness of t h e  layers. It is found that midnight temperatures 
sufficiently define these parameters and that for midnight tem- 
peratures above llO"K, the two-layer models converge to a homo- 
geneous model for upper layer thicknesses sufficiently large. 
The importance and urgency of additional analyses and measure- 
ments of lunar nighttime temperatures are stressed in view of 
recent lunar data that suggest the existence of localized areas 
on the moon that, according to our preliminary estimates, could 
be sufficiently "soft" and deep to be avoided during a lunar 
landing . 

In the Phase I1 subsection, analytical expressions for the 
solid and radiative components of the thermal conductivity of 
powders have been developed as a function of porosity, particle 
size, emissivity, and temperature. These models have not yet 
been verified with experimental data. 

In the Phase I I B  subsection, the mechanical properties of 

A mode of failure for such 
powders are discussed with particular emphasis on the relatively 
unexplored "underdense" variety. 
powders is postulated and experimentally verified in an attempt 
to develop expressions for their bearing strength in terns of 
material and geometrical parameters that were also used in the 
analyses of thermal properties. It is hoped that a useful cor- 
relation of the thermal and mechanical properties of postulated 
lunar materials can be made through parameters that are common 
to both properties. 
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INTRODUCTION 

This second quarterly progress report  presents the r e s u l t s  of 
investigations touching upon a l l  phases of the  program as or ig ina l ly  
proposed, including the development of mathematical models f o r  the 
temperature changes of the lunar surface during a lunation or  
ecl ipse and analyses of the thermal and mechanical properties of 
candidate lunar materials. 

In view of present uncertainties i n  the available lunar thermal 
data, we are now emphasizing the study of the behavior of various 
lunar thermal models under given inputs, ra ther  than trying t o  de- 
velop "best f i t "  models tha t  match a given set of lunar data. The 
usefulness of t h i s  approach is  discussed i n  Phase I and is  i l l u s -  
t r a t ed  with the  analysis of two-layer models of the lunar surface4 
i n  which changes of the thermal i n e r t i a  constant and thickness of 
the upper layer are studied as a function of midnight temperatures. 
The latter parameter emerges as an important and sens i t ive  index 
of t he  thermophysical proper t ies  of the lunar surface. 

Lunar thermal models are not  suf f ic ien t  t o  define the physical 
nature of the  lunar surface other than suggesting that the  outer- 
most layer of the moon, down t o  a depth of about a decimeter, i s  
porous o r  i n  an "underdense" s t a t e  of packing. Knowledge of the  
l a w s  of heat flow and of mechanical behavior of porous media under 
vacuum conditions is  necessary t o  establish,  a t  best ,  the  various 
combinations of porosity, grain or pore size, and in t e rpa r t i c l e  
bond that are consistent with the lunar thermal model. 
the correlat ion of thermal and mechanical properties of porous 
media i n  vacuo is  complicated by the f a c t  t ha t  of the conductive 
and rad ia t ive  modes of heat transfer,  only the former has some 
bearing on the manner i n  which the  pa r t i c l e s  touch one another, 
hence on the  mechanical strength of the particle system. 
quently, Phase I1 of t h i s  report i s  devoted t o  those aspects of 
thermal and mechanical behavior of par t icu la te  media tha t  are 
poorly understood, namely, the r e l a t i v e  contribution of the conduc- 
t ive and rad ia t ive  components of heat t ransfer  and the mode of 
f a i l u r e  of highly porous "fluffy" powders. 
equally porous but more conductive "vesicular" model (i.e., where 
the s o l i d  phase is  continuous) w i l l  be t reated i n  the next progress 
repor t  . 

Furthermore, 

Conse- 

It is  hoped that the 
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PROJECT STATUS 

phase I 

The f i r s t  quarterly progress report  discussed the background 
t o  the measurements of lunar surface temperatures and presented a 
detai led discussion o f  the  mathematical model used i n  the computer 
program. During tha t  reporting period, the program w a s  not com- 
pleted. During the quarter reported herein, the  program has been 
debugged and can now be used t o  analyze and in te rpre t  infrared 
thermal emission data. Studies a r e  under way t o  determine ecl ipse 
and lunation temperature variations for  various models and combi- 
nations of parameters. In t h i s  r epor t ,  w e  discuss the importance 
of lunar nighttime temperatures and analyze two-layer models i n  
terms of midnight temperatures. 
evaluated i n  terms of t h e i r  "engineering" implications. 

The r e s u l t s  of the analysis are 

Phase ILA 

In the f i r s t  progress report w e  s t ressed the  importance of 
knowing the conductive and radiat ive components of thermal conduc- 
t i v i t y  and outlined an approach t o  studying these components for  
the "particulate" and "vesicular" models. Various expressions fo r  
both components have been derived for  the par t icu la te  model only 
and are presented i n  t h i s  report. 

Phase IIB 

Problem areas i n  the study of the mechanical p r o p e r t i e s  of 
the par t icu la te  and vesicular models w e r e  discussed i n  the f i r s t  
progress report .  No clear solution t o  the strength problem of the 
highly porous version of the par t icu la te  model w a s  indicated. 
Herein, we discuss a hopeful approach t o  such a solution. 
perimental model has been bu i l t  and tes ted  t o  gain some insight 
i n t o  the f a i l u r e  of "fluffy" s o i l s .  
i den t i fy  two components of bearing strength i n  such s o i l s  and 
t h e i r  parameters. 
a t  t h e  end of each phase. 

An ex- 

This model has enabled us  t o  

Remaining areas of investigations are discussed 
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PHASE I: THERMOPHYSICAL ANALYSIS OF LUNAR SURFACE 

Purpose 

The inxnediate objective of t h i s  phase is  not necessarily t o  
determine a thermal i n e r t i a  constant, y, t ha t  best  " f i t s "  t he  
known temperature changes of the lunar surface measured during a 
lunation or  eclipse.  Such an attempt would not be very meaningful 
a t  t h i s  t i m e  i n  v i e w  of the inadequacy of and uncertainties i n  the 
available lunar data. 
range and the manner i n  which a number of relevant material and 
geometrical fac tors  t ha t  have been largely neglected o r  overlooked 
i n  pas t  analyses, a f f ec t  the behavior of This knowledge could 
be very useful, we believe, i n  determining what kind of new lunar 
data are urgently needed, how the new observations should be made 
i n  terms of wavelength, resolution, lunar phase and location on 
the moon, and what additional information could be derived from 
the new data i n  the l i g h t  of refined theore t ica l  models. 

It i s  meaningful, however, t o  study the  

y .  

W e  discuss herein the importance of lunar nighttime tempera- 
tures and present the r e s u l t s  of analyses on the behavior of 
as a function of midnight temperature and the thickness of the 
upper layer i n  a two-layer model. 

y 

Importance of Lunar Nighttime Temperature Data 

The nighttime temperature is  a sens i t ive  index t o  the thermal 
i n e r t i a  parameter y. During insolation the  surface temperature 
i s  i n  near equilibrium with the input so la r  f lux .  Large var ia t ions 
i n  y w i l l  not s ign i f icant ly  a f fec t  the surface temperature. Dur- 
ing the  lunar nighttime however, the surface temperature i s  deter- 
mined almost exclusively by the thermal parameters of the lunar 
material. 
temperature cooling curves w i l l  sens i t ive ly  depend on the thermal 
parameters. However, there are other parameters tha t  w i l l  a l so  
a f f e c t  t he  cooling behavior such as roughness, infrared transparency 
and heat  sources as discussed below. 

During the penumbral and umbral phases of an ec l ipse  the 

Bastin (Ref. 1) suggests that lunar roughness on a centimeter 
scale could account for  anomalously high temperatures (hot spots) 
t h a t  w e r e  uncovered by Saari  and Shor th i l l  (Ref. 2) during eclipse 
cooling. 
of 40°K 

Using a simple roughness model, he calculates  an increase 
i n  surface temperature as compared t o  tha t  of a smooth 
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surface under ident ical  cooling conditions. 
nighttime, the considerably greater cooling t imes  available would 
require a roughness scale  of the order of decimeters t o  account 
fo r  hot spots. Radar data indicate a smooth surface a t  t h i s  
scale. 
plaining hot spots during the lunar night unless radar data f o r  a 
hot spot region show anomalously high return.  Another possible 
explanation, offered by Buettner (Ref. 3), t o  account fo r  ec l ipse  
hot spots is tha t  of infrared transparency. During ec l ipse  cool- 
ing, there is  a large temperature gradient occurring within t h e  
f i r s t  centimeter of the lunar material. 
infrared radiat ion of the material i n  
give misleadingly high surface temperature readings as inferred 
by radiat ion sensors. During the lunar night however, the e f f e c t  
of transparency i s  not nearly as signif icant .  
reasons: 1) the temperature gradient i s  considerably more shallow; 
and 
than the  8-14 micron atmospheric window. 

During the lunar 

Roughness can probably be ruled out as a factor  i n  ex- 

Partial  transparency of 
8-14 micron range would 

This is  due t o  two, 

2) the  major portion of emission occurs a t  wavelengths longer 

Regarding a th i rd  poss ib i l i ty  - whether the observed "hot 
spots" are due t o  in te rna l  heat sources - it is  not clear a t  t h i s  
point whether temperature measurements during a lunation could con- 
f i r m  o r  r u l e  out t h i s  hypothesis, which i s  cer ta in ly  in te res t ing  
and deserves more at tent ion.  

The apparently less ambiguous use of nighttime temperature i n  
determining y ,  coupled with the be t t e r  detectors available t o  
measure l o w  temperatures a t  high resolution, present a cogent argu- 
ment f o r  increasing the meager data presently available. 
t h a t  our analysis w i l l  lend further j u s t i f i c a t i o n  fo r  i n i t i a t i n g  
new lunar measurements 

W e  hope 

Available Lunar Niahttime Temerature Data 

P e t t i t  and Nicholson (Ref. 4) made the f i r s t  determination of 
nighttime temperatures and obtained a value of 120 +5"K fo r  the 
midnight temperature using a vacuum thermocouple. Using more re- 
cent atmospheric transmission data, a correction of the midnight 
temperature t o  108°K w a s  made (Ref. 2).  Sinton (Ref. 5) deter- 
mined a midnight temperature of 122 +3"K fo r  two areas near the 
limb. Murray and Wildey (Ref . 6) and Saari and Shor th i l l  (Ref. 2) 
measured nighttime temperatures from which extrapolated midnight 
temperatures of 106°K and 99°K w e r e  obtained. These tempera- 
tures can perhaps best  be described as upper l imi t s  t o  the  midnight 
temperature. Low (Ref. 7), using a very sens i t ive  bolometer, w a s  
ab l e  t o  obtain measurements of midnight temperatures ranging from 
less than 70°K t o  over 150°K. 

4 
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Results of Two-Layer Model Study 

The two-layer model was first used by Piddington and Minnett 
(Ref . 8) to explain their microwave temperature measurements. Since 
then, this model has been used by several investigators (Jaeger, 
Ref. 9;  Sinton, Ref. 5) to successfully match lunar eclipse cooling 
curves. Because of the short cooling time during an eclipse, tem- 
perature changes occur within the upper centimeter of surface 
material. Hence, the interpretation of eclipse data in terms of a 
two-layer model would converge to the homogeneous model for upper 
layer thicknesses exceeding a few millimeters. 

The object of this study is not necessarily to "match" actual 
lunar data, which at best is meager at this time, but to determine 
the effect of varying upper layer thicknesses on lunation tempera- 
tures as a function of the thermal parameters of both layers. The 
usefulness of this study, which to our knowledge has not been 
previously made, resides in the fact that the lunar midnight tem- 
perature, by virtue of its greater penetration depth, is a sensitive 
index of the material properties of the uppermost layer of the moon 
to as much as 15 centimeters. In addition, this index enables one 
to eliminate various other explanations that have been offered to 
account for the recently observed thermal anomalies, as we dis- 
cussed above. 

The two-layer model consists of an upper layer of "soft" in- 
sulating material supported by an underlayer of "harder" more 
conductive material. The folluwing combinations of y values 
(y = (kpC)-*) were studied (a higher y value corresponds to a 
more highly insulating or "softer" material) : 

1250 
1250 
1000 
1000 
750 
750 
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20 
250 
20 
250 
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Figure  1 is  a typical plot  of lunation temperature as obtained 
from the IBM-7094 CALCOMP plo t te r .  
lunation t ime .  A lunation time of 0 or  1.0 corresponds t o  high 
noon of the lunar day and a lunation t i m e  of 
midnight. All the curves are for upper and lower layer y values 
of 1000 and 250 respectively. The lunar night i s  i n  the  region 
between 0.25 and 0.75. As seen from the figure, there  i s  very 
l i t t l e  difference i n  the temperature curves during solar  insolat ion 
fo r  d i f fe ren t  upper layer thicknesses. 
(0.25 < t < 0.75) however, the lunation curves show appreciable 
differGnce;. 
temperature tends t o  be. This can be explained i n  the following 
manner: the thicker the insulating layer, the  more e f fec t ive  it 
is  as a ba r r i e r  t o  heat flow. The surface temperature reaches a 
balance controlled by the heat flow radiat ing from it and the heat  
flow coming from the in te r ior .  As the  insulating layer becomes 
thicker, it ef fec t ive ly  prevents more heat from flowing from the  
in t e r io r  t o  the surface, consequently the surface cools more rap-  
idly.  An exception t o  this occurs a t  the beginning of lunar night.  
There is  a crossing over between the two lowermost curves. Ini-  
t i a l l y  the temperature of the thicker layer i s  higher but then de- 
creases below the temperature of t he  thinner layer a t  a lunation 
t i m e  of 0.325. The crossover is  caused by the  f a c t  t ha t  the 
thermal energy content of the thicker layer is  higher a t  t he  incep- 
t i on  of nighttime. As the  influence of t h i s  i n i t i a l  condition 
diminishes with t ime ,  the  presence of the  lower layer becomes 
dominant resu l t ing  i n  a lower r a t e  of cooling for  the surface with 
a thinner insulat ing l aye r .  

Temperature i s  plot ted versus 

0.5 corresponds t o  

During the lunar nighttime 

The thinner the upper layer, the ho t t e r  the surface 

In Fig. 1, w e  can readi ly  see tha t  there  i s  very l i t t l e  varia- 
t i o n  between the various curves of the two-layer models other than 
i n  the  nighttime region. W e  may, therefore, use the  midnight 
temperature as a convenient parameter t ha t  characterizes a lunation 
curve. 
upper layer thickness. Figure 2 is  fo r  a lower layer y value of 
250 with each curve representing a d i f fe ren t  upper layer y value. 
The curves converge t o  a midnight temperature of 138"K, which 
represents t h e  r e s u l t s  fo r  a homogeneous model w i t h  t h e  lower layer 
y value of 250. The curves become asymptotic a t  midnight tempera- 
tu res  ranging from about 90 t o  102'K and corresponding t o  upper 
layer  y ' s  ranging from 1250 t o  750. T h i s  asymptotic behavior 
i s  due t o  t h e  attenuation of t h e  thermal  h e a t  wave as it  progresses 
through t h e  material. 
independent of the nature of material below a ce r t a in  depth. 
two-layer model, therefore, converges t o  t h e  homogeneous model when 
t h e  upper layer becomes suf f ic ien t ly  thick. 

Figures 2 and 3 a r e  plots  of midnight temperature versus 

T h i s  effect ively makes t h e  surface temperature 
The 
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The limitationsof midnight temperatures i n  determining a 
unique two-layer model is readily apparent. 
temperature, there is  a range of y values and upper layer  thick- 
nesses t h a t  are possible. This i s  i l l u s t r a t e d  i n  Fig. 4 where 
the y of the  upper l aye r  is  plotted against the thickness of t h i s  
layer f o r  a midnight temperature of llO°K. Each curve represents 
a d i f fe ren t  lower l aye r  y value. The curves are asymptotic t o  a 
y value of 580 corresponding t o  the homogeneous model. 

For a given midnight 

Although the  curves i n  Figs. 1 through 4 speak f o r  themselves, 
it is  interest ing t o  point out t h a t  the inab i l i t y  of the midnight 
temperature t o  discriminate between the  e f f ec t s  of the  yo and do 
parameters of the two-layer model is  not a serious l imitat ion be- 
cause, as the r e s u l t s  po in t  out, these two parameters ( re la ted t o  
the hardness and depth of the uppermost layer) vary i n  a "compen- 
sating" manner as f a r  as the s u i t a b i l i t y  of the layer is  concerned 
for  engineering operations on the moon. W e  notice i n  Fig. 4, t ha t  
f o r  a given midnight temperature, high y values, representing 

sof t"  materials, are associated with shallow layers of the  orders 
of a few centimeters, overlying a mch harder material. Conversely, 
thermally homogeneous layers, t ha t  could range i n  depth froma few cm 
t o  inf in i ty ,  have t o  be associated with re la t ive ly  hard materials 
(yo = 500) t o  s a t i s f y  a midnight temperature of 110°K. 

1t 

It is conceivable, however, t ha t  a layer on the lunar surface 
could be both deep and so f t  i f  i t s  midnight temperature is appre- 
ciably lower than llO°K. W e  plan t o  extend our analysis of the 
two-layer model t o  midnight temperatures ranging from 70 t o  150°K 
as recent ly  observed by Low (Ref.  7). These temperatures corre- 
spond roughly t o  materials ranging i n  hardness f r o m  the consistency 
of " f luf f"  t o  tha t  of porous rock. 
properties of these candidate lunar materials w i l l  be analyzed and 
correlated i n  Phase 11. 

me thermal and mechanical 

The poss ib i l i ty ,  as revealed by our analysis, t ha t  s o f t  and 
deep layers of the  lunar surface could correspond t o  a midnight 
temperature of 70"K, plus the probability, as revealed by L m l s  
recent lunar measurements, that  such areas could ex i s t  on the moon, 
lend a great deal of s c i en t i f i c  importance and engineering urgency 
f o r  performing additional analyses and high-resolution lunar mea- 
surements of the nighttime temperatures of specif ic  areas of the  
lunar surf ace. 

Future Work 

Some of the specif ic  areas in  the thermophysical analysis of 
the  lunar surface t h a t  need immediate a t tent ion are as follows: 
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Extend studies of the effect of lunar midnight 
temperatures on y and upper layer th.iclmess to 
cover temperature ranges from 70" to 150°K. 

Introduce temperature dependence in the analysis 
of the lunar thermal model and evaluate its effect 
on y for given midnight temperatures. 

Introduce lateral inhomogeneities in the lunar 
thermal model (i.e., islands of "hot spots" sur- 
rounded by less conductive media) and determine 
effective y of model (as functions of the percent 
distribution and individual y1 s of the components) 
in an attempt to assess the importance of high 
resolution in earth-based lunar temperature mea- 
surements. 

We will try to accomplish as much of this work as possible 
during the remaining period of this contract. 
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I .  
PHASE 11: THERMOPHY SICAL ANALYSIS OF HYPOTHET ICAL MODELS 

Purpose 

The main objective of t h i s  phase is  t o  determine the mechani- 
cal properties, or more specif ical ly  the  bearing or  crushing 
strength of "particulate" and "vesicular" models, t ha t  have y 
values corresponding t o  those of t he  moon as estimated i n  Phase I 
of t h i s  work or as updated when new and be t t e r  observational data 
become available. Since both the thermal and mechanical proper- 
ties of our models have common variables such as porosity, grain 
o r  pore size,  and state of bonding between the so l id  components, 
attempts are made t o  develop analyt ical  or  empirical re la t ionships  
tha t  express thermal conductivity and mechanical strength i n  terms 
of these variables. This progress report  includes work done on 
the par t icu la te  model only. .The so l id  and radiat ive components of 
t he rm1  conductivity are treated i n  Phase IIA and the  mechanical 
properties are t rea ted  i n  Phase I IB .  

Phase IU: Thermal Properties 

Models fo r  Thermal Conductivity of Powders 

In a vacuum there are two mechanisms t h a t  contribute t o  heat 
transport  through powdered materials: 
t ion.  
between the pa r t i c l e s  across the  contact areas. The r e l a t i v e l y  
small contact areas between the pa r t i c l e s  i n  comparison t o  the 
particle s i z e  introduce a large thermal res is tance considerably 
reducing the e f fec t ive  thermal conductivity of the material. 
cause of the  significance of contact area, an expression fo r  t he  
e f f ec t ive  conductivity should necessarily include the area or  a 
parameter r e l a t ing  t o  it. Unfortunately, the area of contact be- 
tween real surfaces is  a very sensi t ive function of i t s  degree of 
roughness, hardness, and applied pressure. For example, s o f t  
rough pa r t i c l e s  should have larger areas of contact than do smooth 
hard spheres. 
geometry on contact area, the f a c t  t h a t  an averaging process 
occurs for  a system of many par t ic les  gives some confidence t o  the 
be l i e f  t ha t  a r e l a t ive ly  simple model may be useful i n  predicting 
the s o l i d  conduction component of the thermal conductivity. 

so l id  conduction and radia- 
Solid conduction takes place both through the pa r t i c l e s  and 

Be- 

Despite the rather  complex dependence of spec i f ic  
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Model for Solid Conduction Component 

An idealized model consisting of a cubic array of smooth 
spheres is considered. Heat transfer is considered unidirectional. 
The contact area between two spheres is assumed to be of circular 
cross section. A diagram of spheres in contact is shown in Fig. 5 .  
Assuming conduction to take place in the x direction only, at 
steady state 
written as 

where A(x), 
given by 

Substituting 
tion results 

Integrating, 

the one dimensional heat conduction equation can be 

the area normal to the direction of heat flow, is 

A(x) = T(R 2 - x2) 

for A(x) in Eq. (1) and performing the differentia- 
in the following differential equation: 

we obtain 

c2 
2 .  

a =  
dx R 2 - x  

Integrating again 

Ir 

To evaluate the constants of integration, we use the boundary 
conditions 

1 
T - T1 at x = ~ ( 1  - 8)' 

T = T2 at x = - ~ ( 1  - 8)' 
1 

(3) 
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. 
where B 
Substituting the  boundary conditions i n  Eq. (4) obtains f o r  the 
constants of integration 

is  the  r a t i o  of the contact radius t o  the sphere radius. 

L I 
1 -  - 

c2 = 2 2  2 tanh-l(l - B ) 

The heat f lux is  given by the following equation: 

Substi tuting Eqs. (2) and (3) in  Eq. (5), w e  obtain 

To determine the ef fec t ive  conductivity, w e  equate the heat con- 
duction through a so l id  occupying the  maxixmm cross-sectional area 
of the  sphere with the same boundary temperatures t o  Eq. ( 6 )  : 

Solving for  the  e f fec t ive  conductivity, 

1 
Q P  

1 -  P - 
keff 4 tanh-l(l - f3 2 2  ) 

(7) 

To evaluate the contact area parameter 
derived by Hertz for  the radius of contact between two elastic 
spheres, 

B, w e  use the expression 
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where P is  the  compression force, and v and E are Poissonls 
r a t i o  and Young's modulus. 
the weight of n spheres above the contact, then 

I f  the compressive force is due t o  

4 3  P - n p - ~ R g ~  3 (9) 

where g is  the gravi ta t ional  constant and p is  the density. 

Substi tuting Eq. (9) into Eq. (8), the  contact parameter B 
is  found t o  be 

where d i s  the depth of the colum of spheres and i s  given by 
d = 2Rn. The above equation indicates t ha t  the contact area, 
hence thermal conductivity, increases with depth beneath the 
surface. Another i n i t i a l l y  surprising r e s u l t  i s  tha t  the thermal 
conductivity fo r  a given thickness is independent of p a r t i c l e  s ize .  
The decrease i n  conductivity due t o  the  greater  number of contact 
res is tances  per un i t  length with decreasing particle s i z e  is  o f f se t  
by the  increased conductivity due t o  an increase i n  the  r a t i o  of 
contact radius t o  p a r t i c l e  diameter. The dependence on the gravi- 
t a t i o n a l  constant indicates that  an ident ica l  bed of particles on 
the moon would exhibi t  a lower thermal conductivity than on earth.  

The above derivation of the e f fec t ive  so l id  conductivity of a 
bed of pa r t i c l e s  i s  applicable fo r  a cubic array of spheres tha t  
has a porosity of 48 percent. 
i t y  could be appreciably different .  A more porous packing should 
make the  e f fec t ive  so l id  conductivity lower than t h a t  given by 
Eq. (7). This can be viewed as due t o  two factors ,  the decreased 
number of conduction paths per u n i t  area normal t o  heat flow and 
the  more tortuous conduction paths. 
of Eq. (7) t o  the more porous case, w e  assume tha t  the e f fec t ive  
cmduct iv i ty  varies l inear ly  with porosity and approaches zero a t  
100 percent porosity. 
is  then 

For more random packings, the poros- 

To extend the  range of v a l i d i t y  

The equation resu l t ing  from t h i s  assumption 
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I .  

where p i s  the void fraction. 

Another equation t h a t  r e l a t e s  conductivity t o  contact area 
between particles is  the  Riemann equation (Ref. lo), viz, 

k 

The equation developed i n  t h i s  study and the Riemann equation 
should be compared with experimental data t o  determine-which is  
the more valid.  

Models f o r  Radiative Conduction Component 

As the  so l id  conductivity fo r  powdered materials i n  a vacuum 
is  quite small, the r e l a t i v e  contribution of radiat ion t o  heat 
transport  may be qui te  s ignif icant  even a t  t he  modest temperature 
ranges (100"K-400"K) of in t e re s t  t o  t h i s  study. 

A general treatment of radiat ive transport i n  powders i s  ex- 
tremely d i f f i c u l t  because of the number and nature of the mechan- 
isms involved. Processes of absorption, emission, scattering, 
and transmission of electromagnetic radiation are involved. 
processes are characterized by parameters t h a t  are dependent upon 
the geometry and material properties of the medium. The dominant 
mechanisms of rad ia t ive  transport may be s igni f icant ly  different  
f o r  powders of d i f fe r ing  physical properties. In addition, since 
rad ia t ion  occurs over a range of wavelengths and the  characteriz- 
ing parameters are generally wavelength dependent, the dominant 
mechanisms of transport  may s ignif icant ly  change w i t h  temperature 
of the media. 
much depend on a detai led knowledge of these parameters. 

These 

The u t i l i t y  of a generalized treatment would very 

The highly speculative nature of the lunar surface material 
makes it unwarranted t o  consider the case of rad ia t ive  transport  
t o  the degree of sophistication tha t  has appeared i n  the recent 
l i t e r a t u r e  (Ref. 11). Instead, two approximate methods w i l l  be 
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considered fo r  evaluating the radiat ive transport  . 
be considered an idealized discrete model where only radiat ion 
between surfaces is  considered. Three such models are considered. 
The second approach is t o  homogenize the par t icu la te  medium and 
thus allow a formulation of the energy transport  processes by 
d i f f e ren t i a l  equations. 

The f i r s t  can 

A discussion of the two methods follows. 

Discrete Model for  Radiative Transport 

Layered Slab Model: A powder medium is a ra ther  complex 
arrangement of oddly shaped grains +nd in te rs t ices .  To obtain a 
model t ha t  can be t rea ted  analytically,  a ra ther  d ra s t i c  modifica- 
t i on  of t h i s  p ic ture  seems t o  be required. 
w i l l  be considered is  one suggested by Wesselinck (Ref. 12). The, 
lunar surface material is considered s t r a t i f i e d  in to  parallel  . 
slabs of uniform thickness a s  shown i n  Fig. 6. 

The f i r s t  model t h a t  

In t h i s  model, s corresponds t o  the sum of the average 
dimensions of grain and in te rs t ices .  
between the  faces of a s lab of so l id  material is considered negli-  
g ib le  because of the relatively high conductivity. 
heat t ransfer  between adjacent s labs  i s  given by 

The temperature difference 

The rate of 

where the factor  
re f lec t ions  between the s labs  and using Kirchoff's law.  For small 
distances between slabs, the above equation can be approximated by 
using a derivative: 

~ / ( 2 -  E) i s  obtained by considering m u l t i p l e  

where aT/ax  r e f e r s  t o  the average gradient. 

The rad ia t ive  conductivity is  then 

3 4 ~ a s T  
m 

krad 2 - E 
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To obtain an expression i n  terms of p a r t i c l e  s i z e  and porosity w e  
use the r e l a t ion  

and obtain fo r  the conductivity 

3 
P 4 a€m 

krad (2 - ~ ) ( 1  - p) 

Cubic Pa r t i c l e  Model: Other models for  rad ia t ive  conductivity 
with assumptions i n  the s p i r i t  of t ha t  used above have been employed 
i n  other studies.  Laubitz (Ref. 13) assumes the pa r t i c l e s  as cubes 
randomly scat tered i n  cubical volumes but with the  faces of two 
cubes remaining parallel. 
lowing equation: 

Based on t h i s  model he derives the  fo l -  

3 
413 1 

1 '  [I - (1 - P)2'3 + (1 - p) 
= 4a€m 

krad 1 - p 

Spherical Particle Model: Schotte (Ref. 14) obtains an equa- 
t i on  f o r  the rad ia t ive  conductivity by considering radiat ion be- 
tween the voids of packed spheres and radiat ion from the  particle 
i n  series w i t h  conduction through the pa r t i c l e .  
conductivity is  given by 

The rad ia t ive  

krad 
1 - P  
1 1 - + -  ko 
S r k 

where k; - 4 a D T 3  and ks is  the  conductivity of the so l id  
material. 

The three expressions for  the rad ia t ive  conductivity have 
s i m i l a r  character is t ics .  
conductivity with particle s ize ,  a cubic dependence on tempera- 
ture ,  and an increasing conductivity with increasing porosity. 
The major difference i s  the manner i n  which the conductivity 

They a l l  display a l inear  var ia t ion of 

15 



varies  with porosity. 
rad ia t ive  conductivity on porosity for  the  three equations. 
Equation (12) exhibits a l inear  var ia t ion of conductivity with 
porosity the s lope of the curve depending on the r a t i o  of 
t o  the so l id  conductivity ks. Equations (10) and (11) dis-  
play asymptotic behavior a t  uni t  porosity. 
siderations it is apparent tha t  the  rad ia t ive  conductivity should 
become i n f i n i t e l y  large as the  porosity approaches uni ty  and that 
it approaches zero as the  porosity approaches zero. It is there- 
fore  concluded tha t  Eqs. (10) and (11) give a more r e a l i s t i c  pic- 
tu re  of the  physical s i tua t ion  a t  high porosi t ies  than Eq. (12). 
A plo t  of radiat ive conductivity versus porosity is shown i n  
Fig. 8 fo r  different  p a r t i c l e  sizes and temperatures. 

Figure 7 i l l u s t r a t e s  the dependence of 

k; 

From physical con- 

Homogeneous Model f o r  Radiative Transfer 

In interpret ing lunar thermal emission data there  are two 
cases i n  which a homogeneous model for  rad ia t ive  transport  appears 
appropriate. The f i r s t  case is  fo r  a surface material t ha t  is 
transparent t o  radiat ion in  the  infrared region. 
perimentally established t h a t  cer ta in  si l icate materials are highly 
transparent t o  radiation in  the  infrared (Ref. 15). The other case 
is  t h a t  of a surface layer of suspended pa r t i c l e s  where the dis-  
tance between pa r t i c l e s  i s  large compared t o  the p a r t i c l e  s i ze  
(Ref. 16). 
contact, the  geometrical model f o r  rad ia t ive  transport  discussed 
previously appears more appropriate. 

It has been ex- 

For the case of opaque pa r t i c l e s  i n  contact or  i n  near 

By considering the medium t o  be homogeneous, a description of 
the  energy transport  process can be made by d i f f e ren t i a l  equations 
with prescribed boundary conditions. 
by Hamaker  (Ref . 17). It consists of dividing the rad ia t ive  f lux  
in to  two parts, one flowing in  a posi t ive direct ion and the  other 
i n  a negative direction. Inherent i n  t h i s  assumption i s  the com- 
pensation of the  radiat ion scattered sideways by equal contribu- 
t i ons  from neighboring regions. This assumption i s  reasonable f o r  
cases when the area considered i s  large compared t o  the thickness 
and i s  therefore applicable t o  a uniform lunar surface layer. 
Another serious assumption i s  tha t  the cross sections fo r  absorp- 
t i o n  and scat ter ing are wavelength independent. This assumption 
enables one t o  deal with t o t a l  radiat ion thereby grea t ly  simpli- 
fying the equations of radiat ive t ransfer .  
i l l u s t r a t e d  i n  Fig. 9. 
i s  I and i n  the  negative x direct ion is  J. The surface a t  

W e  use a method described 

The model used is  
The radiant f lux i n  the posi t ive direct ion 
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x = 0 is assumed at a temperature TO with unit emissivity. The 
suspended particle layer is characterized by macroscopic absorption 
and scatt-ring cross sections a and s. 

The equation for the flux in the positive direction is 

dI - = - (a + s )I  + sJ + aE 
dx (13) 

The first term on the right represents the flux loss  per unit 
length due to scattering and absorption and the second term repre- 
sents an increase due to the backscattering of the negative direc- 
tion flux. 
due to thermal emission from a volume element dx where 

The third term represents the increase in flux gradient 

4 E = U T  

and Kirchoffts law (a = E )  is assurned. Similarly for the flux 
in the negative direction, 

- =  dJ (a+ s)J - SI - aE . 
dx 

An additional equation is given by the energy balance 

where 
suspended particle model k = 0, hence, 

ks is the solid component of thermal conductivity. For the 

a(1 + J) - 2aE . 
Using the above relation in Eqs. (13) and (14) results in the fo l -  
lowing equations: 

= - (4 + s)I + ( s  + !)J dx 

a =  dx ( ~ + s > J - ( ~ + s ) I .  
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A solution t o  the  above set of equations is  

I = (c2 - C1)aX + c1 

J = (C2 - Cl)= + C2 , 

where a - a/2 + s and C1 and C2 are a rb i t r a ry  constants. The 
boundary conditions are 

4 x = o  I = m0 

x = L  J = O  

The lower boundary condition i s  due t o  the assumed black body 
emission from the  surface layer and the  upper boundary condition 
is  f o r  the  case where there is  no solar  insolation. Using these 
boundary conditions t o  eliminate the a rb i t r a ry  constants, a solu- 
t ion  fo r  the fluxes is 

4 aT,,[l + a(L - x) ] 
W 

1 + UL 1 -  

4 

1 + aL 
droa(L - x) 

J =  . 
The net radiat ion leaving the lunar surface is given by 

From the above equation it can be seen tha t  the suspended p a r t i -  
cle layer  acts t o  reduce the  emissivity of the emitting surface 
layer.  The e f fec t ive  emissivity i s  given by 

1 
P 

ef f  1 + aL E 

18 



This surprisingly simple result of a decreased emissivity 
due to a suspended particle layer can be used to interpret lunar 
emission data without resorting to the use of an equivalent 
thermal conductivity, By assuming that the thermal relaxation 
time of the suspended particle layer is small in comparison to 
lunation times, we can make the so-called adiabatic approximation, 
This makes it possible to then use the computer program developed 
for Phase I to calculate lunation temperatures just by varying 
the surface emissivity. The emissivity used in the computer pro- 
gram can be related to the absorption and scattering cross section 
and layer thickness given by Eq. (15). 

Future Work 

A survey of available experimental data on the thermal con- 
ductivity of powdered materials in a vacuum is being made. 
data will be used to determine the accuracy of the theoretical 
expressions in predicting the results. 
is found for these equations or others in the literature, then 
estimates will be made of the lunar material porosity. 
be done in the following manner: The total effective conductivity 
which is the sum of the effective radiative and solid conductivities 
is a function of porosity, particle size, emissivity, and tempera- 
ture. The solid conductivity, which depends only on porosity and 
depth, will predominate for particle sizes of less than about 200 
microns. 

The 

If satisfactory agreement 

This can 

For this case, the total conductivity will depend only upon 
depth and porosity. We can then proceed in two ways to estimate 
the porosity of the material. The first method would be to assume 
a homogeneous model for the lunar surface and determine a porosity 
based upon an average depth at which lunar nighttime temperatures 
are affected by the material properties. 
material properties, the porosity can be determined uniquely.for 
a give y value. The second method would be to use the depth 
dependent conductivity function in the computer program developed 
in Phase I and determine a "best fit" porosity. 

Assuming solid rock 

For the case of large particle sizes where radiation is im- 
portant, it is necessary to use the anuputer program with a tempera- 
ture dependent model to determine the conductivity parameters. The 
porosity cannot be uniquely determined but can be found as a func- 
tion of particle size and emissivity. 
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Phase IIB: Mechanical ProPerties 

Definition of Models 

As i n  the analysis of the thermal properties, the porous 
models considered i n  the analysis of the mechanical or  strength 
properties consist  of the "particulate" and the "vesicular" vari- 
eties. In the  former model, discrete  pa r t i c l e s  are mechanically 
interlocked or  bound with re la t ive ly  weak molecular forces of 
a t t rac t ion .  
bridges between pa r t i c l e s  or elements surrounding concave cavi- 
ties. 

In the  la t ter  model, the strength is  due t o  so l id  

Two versions of the  par t iculate  model are considered, namely, 
those having very dense and very loose packing. 
of packing are distinguished because they exhibit  basical ly  d i f -  
ferent  modes of f a i l u r e  and orders of magnitude difference i n  
bearing strength o r  thermal conductivity. The dense versions of 

neering" s o i l s  commonly encountered i n  nature. Their properties 
and behavior have been widely investigated. Terzaghi (Ref. 17) 
has calculated theoret ical  expressions f o r  t h e i r  bearing strength 
i n  terms of the angle of internal f r i c t i o n  of the s o i l .  More em- 
phasis is placed i n  t h i s  work on the underdense versions of the  
par t icu la te  model because they are of greater i n t e re s t  in lunar 
s tudies .  

These extremes 

the par t icu la te  model are representative of conventional, 11 engi- 

Par t icu la te  Model 

Some of the problems connected with the analysis of t h i s  model 
w e r e  discussed i n  the f i r s t  progress report .  It w a s  pointed out 
t h a t  presently available solutions apply t o  densely packed versions 
of the  par t icu la te  model because the highly porous versions made 
up necessarily of very f ine  particles exhibit  an en t i r e ly  d i f fe ren t  
mode of f a i lu re .  
t i v e l y  unexplored problem the following approach is now being pur- 
sued: 

In seeking an ana ly t ica l  solution t o  t h i s  rela- 

1) 
2) Verify and refine, qual i ta t ively,  the above 

3) 

Postulate a mode of f a i lu re .  

postulate by means of an experimental model. 
Ident i fy  the important geometrical and force 
parameters and describe analyt ical ly  the 
strength of the underdense par t icu la te  medium 
i n  terms of these parameters. 
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Some of the progress made in the f i r s t  two s t eps  outlined 
above is  discussed i n  t h i s  repor t .  

Postulation of a Mode of Failure 

To postulate a mode of f a i lu re  fo r  the underdense version 
of the par t icu la te  model, i t  i s  necessary t o  determine the bounda- 
ries of t he  disturbed zone, the behavior of the pa r t i c l e s  within 
and outside of t h i s  zone and the nature and magnitude of the 
forces that are developed before and during f a i lu re .  
be best  done by comparing the  deformational behavior of the w e l l -  
known dense (incompressible) medium with the postulated behavior 
of the underdense (compressible) medium as depicted i n  Fig. 10. 
For convenience, these par t iculate  media w i l l  be re fer red  t o  as 
thecannonball  and the f l u f f y  models. 
are made: 

This can 

The following postualtions 

Boundaries of the disturbed zone: In the  f l u f f y  model, 
the disturbed zone is limited very nearly t o  the area 
innnediately under the pad. A ve r t i ca l  w a l l  is  sheared 
as the pad penetrates into the s o i l .  The depth of the 
compressed material under the pad i s  unknown. 
cannon b a l l  model, sinkage can take place only through 
lateral displacement of a mass of s o i l  away from the 
pad along a shear plane that i s  nearly horizontal, 
curved upward a t  an angle t o  the surface determined by 
the coeff ic ient  of f r i c t i o n  of the s o i l .  

In the 

Behavior of s o i l  within and outside of disturbed zone: 
As the  pad penetrates into the f lu f fy  s o i l ,  a "bulb" of 
compacted material builds up under the pad and increases 
i n  thickness as the  pad sinks deeper. 
increase i n  thickness of the  bulb with depth and the 
density p ro f i l e  of the s o i l  within the disturbed zone 
are not known. In the cannon b a l l  model there  is, 
theoret ical ly ,  no d i f f e ren t i a l  movement of particles 
within the  disturbed mass of s o i l  other than along 
the  plane of f a i lu re .  
c l e s  s l i d e  over one another, a s l i g h t  expansion of vol- 
usue (called dilatancy) occurs e 

The rate of the 

During fa i lure ,  when the pa r t i -  

Fai lure  cr i ter ion:  Qualitative load-sinkage curves 
shown i n  Fig. 12 indicate tha t  the point of actual 
f a i l u r e . i s  not a s  c lear ly  defined i n  the  f l u f f y  model 
whose bearing strength is postulated t o  be depth 
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dependent as it is i n  the  cannon b a l l  model which is 
known t o  "yield" suddenly when the  applied load over- 
comes the  static f r i c t ion  and cohesion along a cr i t ical  
plane. Bearing strength, in  t h i s  case, i s  defined as 
the normal load which can be imposed upon the  surface 
of a s o i l  before the system f a i l s  i n  shear. 
case of the  f l u f f y  model, it is  not meaningful t o  
speak of bearing strength, as such, without associating 
t h i s  strength with a given depth of sinkage. 

In  the  

Nature and magnitude of forces r e s i s t i ng  penetration: 
In addition t o  work done i n  compressing the f l u f f y  model 
and expanding the cannon ball model, t he  major forces 
tha t  resist the penetration of a pad i n  both models are 
those of i n t e rpa r t i c l e  f r i c t i o n  and adhesion. It i s  
very l i k e l y  however, that  the  r e l a t i v e  contribution of 
these forces d i f f e r  in each model. It is  reasonable 
t o  neglect adhesion i n  the cannon b a l l  model because 
the particles have a large volume t o  surface r a t i o .  W e  
may eas i ly  assume t h a t  f r i c t i o n  predominates as a re- 
s i s t i n g  force by vir tue of the f a c t  t ha t  two r e l a t ive ly  
rough and unyielding surfaces are rubbing against  each 
other along the  plane of fa i lure .  While the  p a r t i c l e s  
i n  t h i s  model do undergo elastic and possibly p l a s t i c  
deformation, it is  reasonable t o  assume tha t  i n  the 
f l u f f y  model the par t ic les  "give" (by ro ta t ing  and/or 
t ranslat ing)  before p l a s t i c  deformation takes place and 
tha t  they are r a re ly  in  a posit ion t o  rub against one 
another and develop f r i c t iona l  forces. 
ticles in this m o d e l  are inherently very f ine  (hence 
susceptible t o  a t t r ac t ive  forces) and a great  number 
of them are contained within a u n i t  area of the  f a i l u r e  
plane, adhesional forces w i l l  play a predominant role .  
Consequently, an important fac tor  i n  predicting the  
bearing strength of f lu f fy  s o i l s  i s  a knowledge of the 
number of p a r t i c l e  bonds tha t  are severed during f a i lu re ,  
and the  strength of each bond. 
upon the environment or, (as would be the case on the 
moon) upon the  ambient vacuum; The number of severed 
bonds w i l l  depend upon the i n i t i a l  and f i n a l  porosity 
of the system as w e l l  as on the depth of the "bulb" of 
compacted s o i l  formed under the pad. The experimental 
model described i n  the next section w a s  developed and 
tes ted  i n  an attempt t o  ver i fy  the  postulated model 
and c l a r i f y  some of the questions discussed above. 

Since the par- 

The latter could depend 
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Experimental Investigation of Fluffy Model 

A crude experimental model of the f l u f f y  s o i l  w a s  b u i l t  so as 
t o  observe the movement of s o i l  pa r t i c l e s  i n  and around the dis- 
turbed zone and determine the thickness of the "bulb" formed under 
the pad a t  various stages of penetration. This w a s  accomplished 
by using a plexiglass container (4 x 4 inches square and 10 inches 
high) i n  which a l l  four sides were scored with black horizontal  
l i nes  114-inch apart. The container w a s  f i l l e d  with loosely s i f t e d  
al ternat ing 1/4-inch red and gray layers of very f i n e  f l u f f y  powders, 
the interface of the layers roughly corresponding t o  the horizontal  
markings, as shown in  Fig. l la .  An average porosity of 65 percent 
w a s  estimated for  the s o i l  i n  the  container on the  basis  of weight 
and volume measurements and an average "real" density of 2.5 g / c d  
f o r  t he  powders used. The gray powder i s  ground basa l t  ( p a r t i c l e .  
s i z e  < 37g) and the  r e d  powder i s  made up of synthetic "micro- 
balloons. ?? 

A 1-inch thick perforated cap having 1 x 1/2-inch cutouts a t  
the middle of each s ide w a s  f i t t e d  t i gh t ly  on top of the container 
t o  serve as a guide for  1 x 1/2-inch rectangular wooden bars that 
were used as plungers. The 1-inch s ide  of the plunger faced the 
inner s ide  of the container w a l l  as shown i n  Fig. l l b ,  c, and d. 
The plungers w e r e  pushed in to  the s o i l  by hand a t  a11 four s ides  
and photographs were taken a t  various depths of penetration. No 
attempt w a s  made t o  measure depth versus sinkage since the primary 
object of the  experiment w a s  t o  observe the  behavior of the s o i l  
during compaction or fa i lure .  The four sequential photographs of 
s ide  No. 3 shown i n  Fig. 11 are typical  of a l l  sides i n  depicting 
the  soil "profile" during the experiment. 

The photographs corroborate some of the points w e  postulated 
The fo l -  above and c l a r i f y  other points tha t  w e r e  l e f t  i n  doubt. 

lowing preliminary comments may be made on the basis  of vtsual  ex= 
amination of Figs. l l b ,  c, and d. 

0 Bo undaries of the disturbed zones: As postulated, the  
disturbed zone i s  limited t o  the area immediately under 
the pad. No lateral movement of s o i l  o r  disturbance of 
the surrounding surface (as would be encountered i n  the 
cannon b a l l  model) is  observed. W e  a l so  not ice  tha t  
the  thickness of the disturbed zone increases with depth 
but not indefini te ly  as we suspected. According t o  t h i s  
experiment (limited t o  four t r ia ls  only) the compressed 
bulb under the pad does not s e e m  t o  increase i n  thickness 
beyond a cer ta in  depth of penetration which is  equal t o  

23 



I 

about three times the width of the  pad. 
curve i n  t h i s  region i s  represented i n  Fig. 12 by line 
OA. A t  point A, the bulb appears t o  reach i ts  m a x i n u m  
thickness which is  about equal t o  the  width of the pad 
and then s tays  constant. Contrary t o  our postulation, 
v e r t i c a l  compaction appears t o  stop beyond t h i s  point 
and instead, lateral compaction begins t o  occur. There 
is  clear evidence i n  Fig. l l d  t ha t  a t  these depths the  
compacted bulb a c t s  as a wedge and pushes the tenuous 
material t o  the sides and compacts the surrounding quasi- 
s ta t ionary s o i l .  This phenomenon is  more c lear ly  de- 
picted i n  the diagram in Fig. 13 where w e  show a v e r t i -  
cal line t h a t  j o ins  the inf lec t ion  points of the hori- 
zontal flow lines and deviates s l i g h t l y  away from the 
sheared plane down t o  a cer ta in  depth B. The system 
would probably reach i ts  maximum bearing strength a t  
depth B as no additional r e s i s t i n g  forces are l ike ly  
t o  be developed during penetration beyond t h i s  point. 
The increase in penetration resis tance due t o  lateral 
compaction between levels A and B i s  qua l i ta t ive ly  
represented by curve AB on the  settlement curve i n  
Fig. 12. Assuming a semi-infinite medium of f lu f fy  
so i l ,  the  settlement curve indicates a nearly constant 
bearing strength beyond point B. In a layered model 
consisting of f l u f f  over hardpan, "bottom" e f f ec t s  w i l l  
cause the  compacted bulb under the  pad t o  f a i l  i n  lateral 
shear instead of l a t e r a l  compaction. 
t ions,  the settlement cume w i l l  level off and exhibi t  
a "yield" point similar t o  the cannon b a l l  model as 
depicted i n  Figs. 10 and 12. 

The settlement 

Under these condi- 

Behavior of s o i l  within and outside of disturbed zone: 
The photographs i n  Fig. 11 c lea r ly  show the  formation 
of a compacted bulb under the pad as we postulated, 
but they a l so  reveal an unexpected disturbance of the 
s o i l  below the compacted bulb as w e l l  as outside of it 
i n  the  lateral direction, par t icu lar ly  a f t e r  the bulb 
reaches i ts  maximum thickness and begins t o  a c t  as a 
wedge as mentioned above. 
mine the density prof i le  of the material i n  these ex- 
t e r i o r  zones from the pat tern of the "flow lines." 
This knowledge could be very useful i n  estimating the 
number of p a r t i c l e  bonds tha t  are severed during 
f a i l u r e  along the ve r t i ca l  "shear" plane. 

W e  can approximately deter- 
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Nature of forces r e s i s t i ng  penetration: The downward 
incl inat ion of the flow l i n e s  toward the pad could be 
invoked as evidence t o  support our postulations t h a t  
the material along the v e r t i c a l  w a l l  f a i l s  i n  tension 
ra ther  than in  shear. The pa r t i c l e s  a t  t he  in te r face  
of the  quasi-stationary medium and the downward moving 
bulb appear t o  pul l  one another down by realigning 
themselves u n t i l  they break away. It is  reasonable t o  
state that adhesional ra ther  than f r i c t i o n a l  forces 
predominate along this plane by v i r tue  of t he  f a c t  
that at  least one'of the rubbing s o i l  surfaces i s  
"soft" and yielding, and does not of fe r  suf f ic ien t  
normal res is tance f o r  f r i c t i o n a l  forces t o  develop. 
A second component of s o i l  res is tance comes in to  
play when the  ve r t i ca l ly  compacted bulb has reached 
i ts  m a x i n u m  thickness and begins t o  compact the  s o i l  
l a t e r a l l y .  W e  may conclude tha t  the bearing strength 
of semi-infinite f lu f fy  media (i.e., where there are 
no "bottom" effects)  has two components, one of which 
is  the t e n s i l e  force needed t o  sever i n t e rpa r t i c l e  
bonds a t  the interface between the disturbed and the  
quasi-stationary media and the other component i s  
the  force needed t o  compact the s o i l  l a t e r a l l y .  Both 
of these components build up gradually during sinkage 
down t o  a ce r t a in  depth; then they are l i k e l y  t o  re- 
main constant. Beyond t h i s  depth, contrary t o  what we 
postulated, s6mi-infinite media could exhibi t  a bear- 
ing strength tha t  is nearly independent of depth. 
This statement would imply that ,  theoret ical ly ,  a pad 
o r  footing tha t  applies a s t a t i c  pressure less t h a t  
the  terminal bearing strength of the f l u f f  would sink 
i n t o  the medium down to  a f i n i t e  depth and then come t o  
a stop; however, i f  t he  applied pressure is  beyond the  
terminal bearing strength, the footing could sink i n  
indef in i te ly  (assuming we. neglect. f r i c t i o n ) .  Both of 
these bearing strength components depend upon the  in i -  
t i a l  and f i n a l  porosity of the system. The former is  
known or  measurable, the latter could be estimated on 
the basis  of experimental models such as the one w e  
described. Unfortunately, t es t ing  t h i s  par t icular ,  
improvised, model i s  very laborious and the obtained 
data are rather  crude. However, improvements can be 
made i f  necessary. 
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Future Work 

"he next s tep in the study of the f l u f f y  model should con- 
sist of an attempt t o  t r ans l a t e  the mode of f a i l u r e  defined i n  
t h i s  report  in to  an analyt ical  expression r e l a t ing  bearing 
strength with relevant parameters that ,  so far as w e  can deter- 
m i n e  from t h i s  study, are i n i t i a l  porosity, grain size,  pad 
geonoetry and in t e rpa r t i c l e  bond, the  latter being environment 
o r  vacuum dependent. 

Regarding the  mechanical properties of the cannon b a l l  and 
the vesicular models, we hope t o  review exis t ing bodies of knowl- 
edge in  the  f i e l d s  of s o i l  mechanics and ceramics bearing upon 
this subject, present experimental data and empirical expressions 
r e l a t ing  the strength of these materials t o  porosity, grain size, , 

state of i n t e rpa r t i c l e  bond and other variables tha t  have a bear- 
ing on the  so l id  and radiat ive components of thermal conductivity 
as analyzed i n  Phase ID. 

The f i n a l  objective of t h i s  program is t o  cor re la te  the  
mechanical and thermal properties of candidate lunar surface 
materials as defined by the theoret ical  models developed i n  
Phase I. A d i rec t  analyt ical  correlation of these properties 
does not appear t o  be feasible.  However, we are hopeful t ha t  
we can cor re la te  these properties ind i rec t ly  i n  terms of mater- 
i a l  and geometrical variables tha t  are coxnon t o  both proper- 
ties. 

26 



CONCLUSIONS 

, 

We would like to stress two important conclusions that emerge 
from our present analysis of the thermal and mechanical models of 
the lunar surf ace. 

The lunar thermal parameter y, which can also be 
used as an index of material hardness when properly 
interpreted, is far more sensitive to changes of 
lunar nighttime temperatures than n o m  temperatures. 
However, the midnight temperature does not lead to a 
model of the lunar surface that is unique in terms of 
y and depth, nevertheless, the model is instructive 
and may be complemented later by microwave data. 

Recently observed (Ref. 7) high-resolution lunar mid- 
night temperature data, ranging from 70 to 150°K 
suggest that the surface of the moon is not as homogene- 
ous on a 
scales, and that localized areas widely differing in 
hardness from the consistency of fluff to that of por- 
ous rock appear to exist on the moon and are now 
amenable to earth-based detection and analysis. We 
recommend that new and better measurements of lunar 
nighttime temperatures be made as soon as possible 
and that theoretical and experimental investigations 
precede or follow these measurements. These investi- 
gations will be discussed in greater detail in subse- 
quent reports. 

--scale as it appears to be at m c h  larger 
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Fig. 5 Particulate Model of Solid Conduction Component 

Fig. 6 Particulate Model of Radiative Conduction Component 
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Fig. 9 Suspended Particle Model of Radiative 
Conduct ion Component 

(a) ~Kknnon Ball" Made1 . @) 'lFluffyvf Model 
Shear Failure ~ Compressive Failure 

Fig. 10 Modes of Failure in Particulate Media 
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a) Undisturbed S o i l  

'enetration - 13" , Depth of Compressed Bulb 

11 Failure Patterns on Fluffy Model 
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c )  Penetration - 3", Depth of Compressed Bulb = 1" 

d) Penetration = 43" , Depth of Campressed Bulb = 1" 

Fig. ll(Cont.) Failure Patterns on Fluffy Model 
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